Hepatotoxicity is a major reason for drug nonapprovals and withdrawals. The multiparametric analysis of xenobiotic toxicity at the single cells level using flow cytometry and cellular imagingbased approaches, such as high-content screening (HCS) technology, could play a key role in the detection of toxicity and the classification of compounds based on patterns of cellular injury. This study aimed to develop and validate a practical, reproducible, in vitro multiparametric cell-based protocol to assess those drugs that are potentially hepatotoxic to humans and to suggest their mechanisms of action. The assay was applied to HepG2 human cell line cultured in 96-well plates and exposed to 78 different compounds for 3 and 24 h at a range of concentrations (1-1000mM). After treatments, cells were simultaneously loaded with five fluorescent dyes showing optical compatibility and were then analyzed with the High-Content Screening Station Scan^R (Olympus). By using the new technology of HCS cell parameters associated with nuclear morphology, plasma membrane integrity, mitochondrial function, intracellular calcium concentration, and oxidative stress, indicative of prelethal cytotoxic effects and representative of different mechanisms of toxicity, were measured at the single cells level, which allows high-throughput screening. This strategy appears to identify early and late events in the hepatotoxic process and also suggests the mechanism(s) implicated in the toxicity of compounds to thereby classify them according to their degree of injury (no injury, low, moderate, and high injury).
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Hepatotoxicity is a major cause of failure in both the clinical and postapproval stages of drug development and poses an important challenge for the pharmaceutical industry (Kaplowitz, 2001; Lee, 2003) . Indeed, hepatotoxicity has been acknowledged as a major reason for drug withdrawal based on safety, probably because of the central role that the liver plays in intermediary and energy metabolism, and in the biotransforma-tion of foreign compounds, which accounts for organ vulnerability (Abboud and Kaplowitz, 2007; Park et al., 2005a,b) . Several molecular mechanisms are primarily involved in druginduced hepatocyte injury and the way in which intracellular organelles are affected defines the pattern of liver disease (Abboud and Kaplowitz, 2007; Lee, 2003; Park et al., 2005a; Russmann et al., 2009) . Thus, the development and validation of novel preclinical tools that successfully identify drug hepatotoxicity are a paramount need for the pharmaceutical industry.
The aim of applying in vitro hepatotoxicity assays during early drug development is to screen large numbers of new molecules and to prioritize them for further testing. In vitro assays are already being applied to a large set of marketed drugs that produce hepatotoxicity by multiple mechanisms for the purpose of assessing their correlation with human toxicity (Dambach et al., 2005) . Current in vitro cytotoxicity assays have, in general, a low concordance with human liver toxicity, thus making predictions of the hepatotoxicity potential of new drugs very difficult (O'Brien et al., 2006; Xu et al., 2004) . There are several reasons for the low sensitivity of cell-based hepatotoxicity assays. Among them, one major reason is that most assays evaluate a single endpoint, although hepatotoxicity could be the result of multiple mechanisms, which should be assessed by different parameters. Multiparametric and time-resolved assays are expected to greatly improve the prediction of toxicity as they assess complex mechanisms of toxicity. The application of ''omic'' strategies to in vitro hepatotoxicity enables multiparametric analyses, which may contribute to the development of more accurate and predictive screenings (Amacher, 2010; O'Brien et al., 2006) . Cytomics may be defined as the cytometry of cellular systems and aims to determine changes in the molecular phenotype of single cells, which can be further related to a given stimulus or injury (Herrera et al., 2007) . Therefore, the multiparametric analysis of compound toxicity at the level of individual cells using flow cytometry and cellular imaging-based approaches, such as high-content screening (HCS) methodology, could play a key role in the detection of toxicity and classification of compounds based on their mechanism of action (Abraham et al., 2008; Cosgrove et al., 2009; Jan et al., 2008) .
Multiparametric assays integrate the data obtained simultaneously from different indicators of the cell function, which aim to suggest the mechanism of toxic action of a given compound and of prioritizing compounds in drug discovery based on their potential hepatotoxicity to humans. These strategies will enable toxicological profiles of drugs and concordance between in vitro and in vivo results. More to the point, the present study aimed to develop and validate a feasible, reproducible, multiparametric cell-based protocol to assess the hepatotoxic potential of drugs and to classify them by their mechanism of action using HCS technology. To achieve this aim, a mechanism-based selection of the compounds is of crucial importance. Compounds with welldocumented in vivo toxicity were selected according to the different mechanisms of hepatotoxicity (i.e., apoptosis, DNA synthesis/genotoxicity, oxidative stress, mitochondrial damage/ dysfunction, bioactivation). An exhaustive literature research was conducted to document these compounds' toxicological properties (Gomez-Lechon et al., 2010) .
We report herein the assessment and application of an HCS multiparametric cytotoxicity assay that simultaneously measures nuclear morphology, mitochondrial function (transmembrane potential), cell viability, intracellular calcium concentration, and oxidative stress for the initial screening of potential hepatotoxic compounds.
MATERIALS AND METHODS
Materials. Culture media and complements were purchased from GIBCO (Gibco BRL, Paisley, U.K.). Fluorescent probes (E,E)-3,5-bis-(4-phenyl-1,3butadienyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY 665/676), tetramethyl rhodamine methyl ester (TMRM), and Fluo-4 acetoxymethyl ester (Fluo-4 AM) were acquired from Molecular Probes, Invitrogen (Madrid, Spain). Propidium iodide (PI) and Hoechst 33342 were obtained from Sigma-Aldrich (Madrid, Spain).
Selection of compounds.
A total of 66 hepatotoxic compounds were included in the study. Compounds were chosen on the basis of previous information on both their hepatotoxic potential and their described pathways implicated in toxicity (Gomez-Lechon et al., 2010) . Additionally, sodium citrate, caffeine, ascorbic acid, acetylcysteine, betaine, dexamethasone, gentamicin, lactose, dimethyl sulfoxide (DMSO), ketotifen, sorbitol, and 3-acetamidophenol (nonhepatotoxic compounds) were used as negative controls (Table 1) .
Culture of HepG2 cells. HepG2 cells were cultured in Ham's F-12/ Leibovitz L-15 (1:1 vol/vol) (supplemented with 7% newborn calf serum, 50 U penicillin/ml, and 50 lg streptomycin/ml). For subculturing purposes, cells were detached by treatment with 0.25% trypsin/0.02% EDTA at 37°C.
Incubation with selected compounds. HepG2 cells were seeded at a density of 5000 cells per well in 96-well microtiter plates and were allowed to grow and equilibrate for 24 h. Then, cells were exposed for 3 and 24 h to four concentrations of chemicals (1, 10, 100, and 1000lM). When the 1000lM concentration could not be achieved because of the solubility limit in the culture medium, the highest possible concentration was used. Each experimental condition was assayed in triplicate wells. The stock solutions of compounds were prepared in DMSO and were conveniently diluted in the culture medium to obtain the desired final concentrations. The final DMSO concentration in the culture medium never exceeded 0.5% (vol/vol), and control cultures were treated with the same amount of solvent.
HCS assay: incubation of fluorescent probes and imaging. Drug-induced liver toxicity was determined by an HCS analysis, which included the following functional endpoints: cell viability, nuclear morphological changes, lipid peroxidation, alterations of mitochondrial membrane potential (MMP), and intracellular calcium concentration.
The Hoechst 33342 nucleic acid stain is a widely used cell-permeant nuclear counterstain that emits blue fluorescence when bound to double-stranded DNA (Crissman et al., 1988) . This dye allows a sensitive cell number determination by fluorescence microscopy and is often used to distinguish condensed pyknotic nuclei in apoptotic cells.
Cell viability was determined by PI exclusion. Nonviable cells with compromised membrane permeability were identified by their positive red fluorescence in the nuclei. This allows the direct quantification of cytotoxicity, as well as the exclusion of dead cells from the HCS analysis, thus restricting further functional determinations to the live-cell population in each sample (Juan et al., 1994) .
Mitochondrial activity was determined using TMRM, a lipophilic cationic fluorescent probe that freely crosses the plasma membrane and accumulates within mitochondria, depending on their membrane potential .
Lipid peroxidation, as a measure of oxidative stress damage, can be detected with the lipophilic probe, BODIPY 665/676 dye. This probe exhibits a change in fluorescence after interaction with peroxyl radicals (Naguib, 2000) .
Fluo-4 AM is a cell-permeant fluorophore that can be used to measure changes in cytosolic-free calcium concentrations. Fluo-4 AM passively diffuses across the plasma membrane and, once inside the cell, is hydrolyzed, causing the free Fluo-4 to be trapped in the cytosol. Unlike Fluo-3, Fluo-4 offers a brighter emission signal upon binding to Ca 2þ (Lim et al., 2006) .
Following treatment, cells were simultaneously loaded with 1.5 lg/ml Hoechst 33342, 1.5 lg/ml PI, 75 ng/ml TMRM, 0.27 lg/ml Fluo-4 AM, and 1.5 lg/ml BODIPY 665/676. After 30 min of incubation at 37°C with the culture media containing the fluorescent probes, cells were imaged using the Scan^R system (Olympus, Germany), and the InCell 1000 Analyzer system (GE Healthcare) was also employed in some setup experiments. In order to acquire enough cells (> 500) for the analysis, nine fields per well were imaged. The 103 objective was used to collect images for the distinct fluorescence channels. Dyes were excited and their fluorescence was monitored at the excitation and emission wavelengths with appropriate filter settings. In the setting up of the procedure, exposure times were adjusted in order to avoid overlapping emission between different probes. The collected images were analyzed using the Scan^R analysis module that allows the simultaneous quantification of subcellular structures, which are stained by different fluorescent probes and measure the fluorescence intensity associated with predefined nuclear and cytoplasmic compartments.
HCS assay: image analysis. Background correction was applied to all the images before being quantified. Cell count and nuclear morphological alterations were assessed from the Hoechst 33342 staining. The nucleus was defined as the main object using an edge detection algorithm. In order to separate individual cells, segmentation was applied. Cell viability was determined by PI exclusion in the main object. All the measurements were restricted to alive cells. Lipid peroxidation was detected from BODIPY 665/676 fluorescence intensity in the cytoplasm. Cellular MMP was defined as the TMRM fluorescence intensity in punctuate cytosolic regions around the nucleus. Fluo-4 AM intensity was used to measure the changes in cytosolic-free calcium concentrations. An intensity algorithm with a fixed threshold was used to measure TMRM, Fluo-4 AM, and BODIPY fluorescence. Each measure was performed in single cells; the values for the same treatment (e.g., triplicate wells) were averaged and then normalized by the average value from the solvent-treated cells. 
SCREENING OF HEPATOTOXIC COMPOUNDS BY HCS
Analysis of HCS data. The minimal effective concentration (MEC) was defined as the lowest concentration to produce a significant change (p 0.05) in all the parameters analyzed when compared with the control (solvent-treated cells). For all the compounds and studied parameters, a variation of at least 20% in fluorescence intensity or in the corresponding morphological parameter in relation to untreated cultures was considered. It was also defined the toxicity risk (TR) for each compound as the MEC/peak concentration in plasma (C max ) ratio at 3 and 24 h treatment.
In order to compare the degree of injury, the level of change for each parameter at 3 and 24 h was studied isomolarly (100lM). Four different scores of damage were established according to the level of variation when compared with control cells: 0 (no variation or variation lower than 20%); 1 (variation ± 20-40%); 2 (variation ± 40-60%); and 3 (variation ± 60-100%). Because calcium levels changed within a different range, other levels were established (for more information, see the legend of Supplementary table 1). Significant differences were seen among the different levels of toxicity (p 0.05). The sum of each individual score resulted in the total level of toxicity for each compound and was defined as its degree of injury. From this calculation, an injury scale was established: high (> 15), moderate (6-15), low (1-5), and no injury. When this first analysis resulted in a value equal to 0 (nontoxic), a subsequent analysis was performed at the highest concentration (1000lM or the maximum concentration permitted by the solubility limit in the culture medium). From these data, new information about the degree of injury was obtained.
Assessment of predictivity. Specificity was defined as the proportion of nontoxic drugs testing negative defined as TN/(TN þ FP) where TN is the number of nontoxic drugs testing negative, and FP is the number of nontoxic drugs testing positive. Sensitivity was calculated as the proportion of toxic drugs testing positive TP/(TP þ FN) where TP is the number of toxic compounds testing positive, and FN is the number of toxic drugs testing negative.
Statistical analysis. Each experimental procedure was performed in at least three independent cell preparations. The statistical analysis of the data was performed using ANOVA followed by Bonferroni or Student's t-test. A p value below 0.05 was considered statistically significant.
RESULTS

HCS Assessment of Drug-Induced Hepatotoxicity
The assay done for the screening of drug-induced hepatotoxicity and the implicated mechanisms is summarized in Figure 1 . Up to 50 different parameters can be measured simultaneously in a single well using our HCS approach by multiplexing five different dyes. After an initial analysis, the best parameters covering a wide spectrum of the mechanisms implicated in drug-induced hepatotoxicity were chosen. The final selected parameters were: cell viability (obtained from the calculation of the number of live cells under each condition), morphological nuclear changes (obtained by integrating the nuclear texture and compactness data), MMP (obtained from TMRM fluorescence), the intracellular calcium concentration (calculated from Fluo-4 AM fluorescence), and oxidative stress (estimated as the lipid peroxidation obtained from the quantification of BODIPY 665/676 fluorescence). Then, 78 compounds were studied at four concentrations (1, 10, 100, and 1000lM) after two incubation periods (3 and 24 h).
Drugs Classification According to Their Mechanism of Action
Representative images of untreated cells (control) and those cells treated with known hepatotoxins (amiodarone, flutamide, and tert-butyl hydroperoxide) are shown in Figure 2 . All the compounds were assessed using the HCS approach over 3-and 24-h exposure periods. The MEC values obtained for each cell mechanism parameter and each incubation period are represented in Table 2 . Thus, by using a multiparameter approach, a greater insight into the mechanistic action of a compound can be gained over single parameter assays. According to the score system created from the MEC, the main mechanism implicated in toxicity for each compound may be outlined. Representative dose responses in different parameters are shown in Figure 3 . Additionally, the TR for each compound and period of incubation were calculated when information from C max was available ( Table 2) .
Mitochondrial impairment was observed after treatment with several compounds. Both hyperpolarization (i.e., sodium valproate) (Bachmann et al., 2009 ) and depolarization (i.e., rotenone, amiodarone) (Donato et al., 2012) were observed in accordance with the drug studied and the chemical concentration. The most sensitive effects were observed after rotenone and tamoxifen (Isenberg and Klaunig, 2000; Tuquet et al., 2000) treatment because already they showed a significant decrease in TMRM fluorescence at 1lM and 3 h of treatment.
On the other hand, increased lipid peroxidation, as a measure of oxidative stress, was observed when HepG2 cells were exposed to those compounds that are known to produce oxidative stress (i.e., tamoxifen or chloroquine) (Jamshidzadeh et al., 2007; Lee et al., 2000) after 3 and 24 h of treatment.
Calcium homeostasis alters in response to many cellular injuries. Although it is not specific of a particular mechanism, elevation of intracellular calcium is an indicator of deleterious effects on cells (Dong et al., 2006; Gao et al., 2006; Kedderis, 1996) . For this reason, it was studied and significant alterations were observed after the treatment of several drugs. At the lowest dose, tamoxifen and lovastatin brought about a significant increase in intracellular calcium concentration. Regarding nuclear changes, etoposide and captopril, known to produce apoptotic cell death (De la Iglesia Inigo et al., 2009; Ohtsu et al., 1998) , induced significant nuclear morphological alterations both after 3 and 24 h treatment.
The mechanism detected at the lowest concentration was defined as the main mechanism (bold, denoted in Table 2 ). Our findings are in agreement with the mechanism of hepatotoxicity reported in the literature (endpoints reported in the literature were italicized in Table 2 ), although additional mechanisms were also detected.
Predictivity of the HCS Assay
The specificity of the HCS test was 92% because 11 of the 12 tested nonhepatotoxic drugs (which included nontoxic and nonhepatotoxic compounds) assessed did not produce significant changes in any of the parameters studied. 
SCREENING OF HEPATOTOXIC COMPOUNDS BY HCS
The sensitivity for the detection of changes in MMP, oxidative stress, intracellular calcium concentration, and nuclear changes was 83, 97, 100, and 63%, respectively. If at least one of the mechanisms implicated in compound-induced toxicity was considered, a sensitivity of 90% was obtained. Moreover, without considering a specific mechanism, only significant changes in any of the studied parameters, the value was 94% ( Table 3) .
Determination of Degree of Injury
In order to compare isomolarly the degree of injury of all the test compounds, we compared the different effects at 100lM after 3 and 24 h of incubation. Statistically different scores were created according to the level of the alteration (the group formation criterion is described in the Materials and Methods section), and then a value was assigned to each parameter (Supplementary table 1) . The addition of all the values for each parameter and incubation period was calculated, and four distinct groups were created according to their level of damage. From this analysis, the degree of injury for each compound studied was defined (Table 4 ). Thus, for example, tamoxifen can be defined as producing a severe injury, whereas aflatoxin B1 may be considered to produce a moderate damage, and chloramphenicol causes low injury.
Twenty-six compounds scored 0 on the toxicity scale obtained after studying the effects at 100lM. For these compounds, we also analyzed effects at a higher concentration (up to 1000lM) to determine whether they produce any alteration and the level of this change (Supplementary table 2) . Eleven of them showed toxic effects at this concentration and were also defined as toxic compounds, although their level of injury was assumed to be lower than the other compounds because they produced significant toxic effects at 1000lM, but not at 100lM (Table 5 ).
DISCUSSION
The pharmaceutical industry is strongly interested in establishing screening systems and mechanistic models to detect hepatotoxicity early in the drug development process (Suter, 2006) . In order to cut development costs, it is essential that safety of new compounds is assessed early, in a short time and at a reasonable cost. Single endpoint toxicity assays may not provide adequate information for selecting compounds. When they are applied to early toxicity screening, there is a real probability of false positive or negative results being high.
However, when two or more endpoints are monitored at several exposure concentrations, the data obtained are considerably more reliable. In fact, it has been previously demonstrated that conventional cytotoxicity assays are sometimes in poor concordance with human toxicity, show low sensitivity to detect adverse cellular effects, and provide a modest mechanistic understanding of toxicity effects (Abraham et al., 2008; FIG. 3 . Representative images of the dose-response effects of compounds assessed by HCS. The vehicle-treated cells (A, F, and K), or exposed for 3 h to rotenone (B-E), lovastatin (G-J), or tamoxifen (L-O), are shown. Nuclei were detected by Hoechst 33342 (blue) staining in all the images. Rotenone produced a dose-response decrease in TMRM fluorescence (red), whereas lovastatin induced an increase in the intracellular calcium levels detected by the increase in Fluo-4 AM fluorescence intensity (green). A dose-dependent reduction in BODIPY 665/676 fluorescence, indicative of oxidative stress induction, was observed after treatment with tamoxifen (red). The maximum concentration for tamoxifen and rotenone was 500 and 250lM for lovastatin. O'Brien et al., 2006) . Conversely, those methods that provide an early assessment of specific toxicological mechanisms before the onset of the late stages of nonspecific cell death should, theoretically, have greater predictive power (Cosgrove et al., 2009; Dykens et al., 2008; Noor et al., 2009; Xu et al., 2008) . Additionally, throughput is an important consideration when assessing the practicality of an assay to be used for screening compounds in drug discovery. By combining a welldefined model (human liver-derived cell-proliferating HepG2) and high-content imaging technology, we have developed an in vitro testing approach that is capable of identifying many hepatotoxicants and outlining the mechanisms implicated in their toxicity. One of the main advantages of the system is its speed (single incubation with appropriately combined fluorescent probes) and the use of attached cells, which enables the study of morphological changes.
We first developed a database of drugs and chemicals with their mechanisms of action (Table 1) . The compounds were representative of the different mechanisms implicated in early cytotoxicity, such as mitochondrial dysfunction, oxidative stress, or apoptotic cell death. Thus, optically compatible probes were selected to cover a wide range of mechanisms.
While developing our toxicity assay, four fixed concentrations and two incubation periods were selected. The concentrations were established to cover a wide range that would allow detecting significant changes induced by drugs. In fact, at 100lM, the 79% of the drugs described as hepatotoxic were detected, whereas at the highest concentration, the 94% of them were identified as toxic. We are aware that the IC50s of the studied compounds vary considerably; however, our aim was to create a standardized system for the preclinical screening of new compounds for which, obviously, no toxicity information is available; thus, a fixed range of concentrations would enable us to compare an unknown drug with wellknown compounds on the basis of its degree of injury. Moreover, the TR, defined as the MEC/C max ratio, should help to understand the significance of the cytotoxic signals (O'Brien et al., 2006) . Even though cytotoxicity assays cannot predict unequivocally human hepatotoxicity, the knowledge derived from mechanism-based assays could facilitate the prioritization and/or the search of alternatives early in preclinical development. Moreover, for unknown drugs or industrial chemicals, the results of the HCS test and other considerations such as the Note. Sensitivity was calculated as TP/(TP þ FN) for each mechanism. *It was considered positive when at least one of the reference mechanisms for a compound was detected. General hepatotoxicity considered significant changes in any of the studied parameters without taking into account the agreement with the reference. chemical category or chemical analogy could be used to define safe exposure limits. Different mechanisms have been defined as being implicated in drug-induced hepatotoxicity, such as mitochondrial impairment, oxidative stress, and apoptotic or necrotic cell death (Park et al., 2005a; Russmann et al., 2009) . Moreover, other mechanisms (steatosis, cholestasis, and phospholipidosis) have also been implicated in hepatotoxicity (Gomez-Lechon et al., 2010; Xu et al., 2004) . Our system is a fast approach, which allows the detection of early events in the hepatotoxic process ( Table 2 ). The different mechanisms involved in hepatotoxicity are highly related, and an initial cell alteration could trigger other events, all of them contributing to cell damage. Oxidative stress, imposed when reactive oxygen species (ROS) generation exceeds the antioxidant protection, is produced by compounds that undergo repeated oxidation/reduction cycles or that can either produce free radicals or are chemically activated by them (Jaeschke et al., 2002) . An excess of ROS can damage lipids, proteins or DNA, thus inducing lipid peroxidation, altered Ca 2þ homeostasis, or mitochondrial dysfunction (Labbe et al., 2008) . Cytosolic-free Ca 2þ plays a fundamental role in the control of membrane permeability, and mitochondrial Ca 2þ influences mitochondrial respiration (Dong et al., 2006) . Moreover, Ca 2þ activates proteases and endonucleases, and enhances ROS formation, thus leading to necrosis or apoptosis ). The mitochondrion is a frequent target of hepatotoxic drugs with immediate effects on cell integrity and function (Kass, 2006) . Loss in MMP can result in an imbalance of energy status; induce ROS formation ) and/or impairment in Ca 2þ homeostasis (Dong et al., 2006) . Moreover, the release of certain mitochondrial proteins is essential in the induction and execution of caspase-dependent and caspase-independent apoptosis (Kass, 2006) .
The sensitivity of the multiparametric assay was calculated according to compounds' bibliographic information (Table 3) . The test successfully detected changes in MMP, intracellular calcium concentration, and oxidative stress. DNA damaging agents and/or apoptotic compounds showed the lowest sensitivity (63%). However, if one considers compounds that only produce hepatotoxicity due to apoptosis there was a sensitivity of 100%. In this sense, additional panels or studies (e.g., caspase activation) could be added to the study.
Hepatotoxicity results obtained by applying our HCS system are supported by the literature. In fact, a global sensitivity of 90% was obtained if only at least one mechanism is considered; however, the assay failed to detect 10% of them. This could be partially due to either the cellular model's incomplete metabolic competence and/or the inability to detect chronic effects, such as cholestasis or steatosis. However, the fact that most bioactivable hepatotoxins were identified (i.e., aflatoxin B1, acetaminophen, or clozapine) argues against metabolic competence being significantly limiting (O'Brien et al., 2006) . HepG2 cells have been extensively used for the prediction of toxicity (Schoonen et al., 2005a,b) because their human liver origin and the expression of relevant drug metabolism enzymes, including some phase II enzymes (Liu et al., 2009; Rodriguez-Antona et al., 2002) . However, it is well known that HepG2 cells have low-CYPs levels (Aoyama et al., 2009; Donato et al., 2008; Hewitt and Hewitt, 2004; Wilkening et al., 2003) . Therefore, alternative strategies, such as transfection with adenoviruses encoding for desirable CYPs (Aoyama et al., 2009; Tolosa et al., 2011; Vignati et al., 2005) , addition of liver S9 fractions containing drug-metabolizing enzymes (Liu et al., 2009) , and use of HepaRG cells (Pernelle et al., 2011) or primary hepatocytes , should be applied to further study hepatotoxicants that require biotransformation by CYPs. In spite of these limitations, the HepG2 cell line is suitable for a high-throughput strategy because they are an available and feasible model.
In order to understand the significance of the HCS results, the degree of change and the number of parameters affected should be considered. Although diverse compounds can impair a specific cell function, the level of this damage could significantly differ. For this reason, a score system to detect the distinct degrees of injury was firstly created by comparing all the compounds at 100lM and then using a higher concentration for those compounds that remained undetected after the first analysis. From these data, 92% specificity was achieved. 3-Acetamidophenol, acetylcysteine, ascorbic acid, betaine, caffeine, citrate, dexamethasone, DMSO, gentamicin, lactose, and sorbitol, previously defined as nonhepatotoxic (Donato et al., 2009; O'Brien et al., 2006; Takakusa et al., 2008; Xu et al., 2008) , had no toxicity at 1000lM, thus confirming that they are suitable negative controls for use in an assay being applied to unknown chemicals. However, although ketotifen, reported as nontoxic compound (Donato et al., 2009) , did not produce significant changes at 100lM, it was toxic at 1000lM which coincides with the results published by O'Brien et al. (2006) . By applying this analysis, amikacin, previously reported as hepatotoxic, is also defined as a nontoxic compound; this could be due to the fact that amikacin is a phospholipidosic compound, and toxicity could be detected after a longer period. Because our system aims to detect early cytotoxic events, chronic toxicity should also be considered to determine the toxicity of a new drug, although another kind of analysis should be done (Cosgrove et al., 2009 ). On the other hand, we also identified galactosamine, stavudine, and thioacetamide as nontoxic compounds. Because these compounds have an IC50 > 1.5mM (Biagini et al., 2006; Donato et al., 2011; Wang et al., 2002) , higher concentrations should be used to define their toxic potential. In this sense, a wider range of concentrations should be considered for those new compounds that may score 0 in our HCS test.
In summary, we have designed an HCS system that allows early simple screening of compounds to indicate both the mechanism(s) implicated in their toxicity and their degree of injury. The cellular imaging technology described herein is mainly powerful for identifying the mechanisms implicated in hepatotoxicity and may be used as a prioritization tool in drug development. It seems to exhibit high specificity and can be adapted by using other cell types and/or other fluorescent probes.
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